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LIQUID DISPERSIONS AND FIBER SPINNING OF BORON NITRIDE

NANOTUBES COMBINED WITH POLYVINYL ALCOHOL
JOE FARID KHOURY

ABSTRACT
Boron nitride nanotubes (BNNTs) have promising optical, mechanical, and thermal
properties which make them one of the most promising material candidates for fabricating
protective and multifunctional fibers with remarkable thermal and chemical stabilities,

electrically insulating, and ultraviolet radiation shielding capabilities. Here, we have
demonstrated an effective method to produce stable dispersions of BNNTs coated by
surfactants and fabricate continuous BNNTs and polyvinyl alcohol (PVA) composite fibers

via a wet-spinning approach. BNNTs/polymer composite fibers were spun by combining

SDC-coated BNNT dispersions with aqueous solutions of PVA and coagulating the
resulting mixtures in the flow of a solvent, such as methanol (MeOH), ethanol (EtOH), and
MeOH/acetone cosolvent. We examined the effects of various parameters, such as pristine
versus purified BNNT material, the concentrations of BNNTs and PVA, and the specific

coagulation solvent, on the overall mechanical properties of the composite fibers.
Specifically, we compared the tensile strength, Young’s modulus, and toughness of

neat PVA and BNNT/PVA composite fibers containing either pristine or purified BNNTs.
Our results indicate that increasing the BNNT content, in composite fibers with 5 mass%

PVA and spun in EtOH, to 0.1 mass % increases the tensile strength and Young’s modulus
by 140% and 520%, respectively, for pristine BNNTs and by 200% and 543% for purified
BNNTs compared to neat PVA fiber. Reducing the PVA concentration, for the same

composite fibers, to 2.5 mass % improves the tensile strength and Young’s modulus by

v

308% and 1179%, respectively, compared to neat PVA fiber. Fibers formed in
MeOH/acetone exhibited higher toughness, but lower strength, compared to fibers formed
in MeOH and EtOH which showed relatively similar average mechanical properties.
Combined, our results provided insights into the structure-processing-property

relationships of BNNT/polymer fibers and the vast potential for producing BNNT-based

assemblies with controlled alignment and properties.
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CHAPTER I

INTRODUCTION
Boron nitride nanotubes (BNNTs) have a nanotubular structure, similar to that of

carbon nanotubes (CNTs), that consists of boron and nitrogen atoms arranged in a
hexagonal lattice[1]. BNNTs have promising optical[2], mechanical[3], and thermal

properties[4] for developing thermal interface materials and electronic and optoelectronic
applications[5]-[7]. Recent advances in the synthesis and dispersion of BNNTs have led
to a growing effort in the scalable processing solutions for fabricating macroscopic

assemblies of BNNTs. BNNTs are electrically insulating with an uniform wide bandgap of

~6 eV as compared to CNTs, which can be metals, quasi-metals, or semiconductors [8],
[9]. Furthermore, BNNTs are thermally stable up to 900°C in air[4]. Besides, boron atoms

are strong neutron absorbers which makes BNNTs capable of neutron radiation-

shielding[10], [11]. These distinct properties make BNNTs one of the most promising
material candidates for fabricating protective and multifunctional fibers with remarkable

thermal and chemical stabilities and ultraviolet radiation shielding.
For the last two decades, nanofillers have been used in polymeric fibers to enhance

their mechanical properties. Many CNT-containing polymer composites exhibit

1

significantly improved properties than neat polymer fibers[12]-[16]. The key to the

effective translation of the unique properties of nanomaterials into macroscopic assemblies
through liquid-phase processing is obtaining a stable dispersion of starting material with
well-defined properties. Therefore, fabricating BNNTs into macroscopic composite fibers

requires nanotubes to be individually dispersed in a liquid medium to maximize the

interfacial interactions with polymer matrices as well as enabling the alignment of the

nanotubes, which is important for obtaining fibers with improved nanotube alignment and
property enhancement[17]. However, the current scalable synthesis of BNNTs produces a
mixture of few- and multi-wall BNNTs and large percentages of non-nanotubes impurities,
such as elemental boron, boron oxide (B!0"), and hexagonal boron nitride (h-BN)
nanosheets[18]. These impurities are believed to cause voids in the fiber’s structure and,
therefore, deteriorate its properties[19]. Therefore, post-synthesis purification of BNNTs

is necessary for further improvement of fiber properties.
Chae et al reported the fabrication of CNTs and polyacrylonitrile (PAN) composite

fibers using a wet-spinning method. They found that using SWCNTs as fillers in PAN

precursor fiber increased its Young’s modulus by approximately 5.8 GPa[20]. A recent
study by Chang et al. utilized BNNTs as fillers in PAN fibers and reported a decrease of

the tensile strength of the fiber after adding BNNTs, likely caused by the aggregation of
BNNTs [19]. Therefore, the mechanical properties of the resulting polymer composite

fibers depend on the dispersion quality of BNNTs and the interaction between the

nanotubes and the polymer.
Polyvinyl alcohol (PVA) fibers are industrially spun via wet or gel spinning

approaches. This polymer is used in a large variety of applications because of its chemical
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stability and superior mechanical properties[21]. In addition, PVA has been shown to
strongly interact with single-wall carbon nanotubes (SWCNTs) in aqueous solutions and
cause their coagulation[22], [23]. The adsorption of PVA chains onto the surface of

nanotubes can potentially cause aggregations of nanotubes that are covalently
functionalized or coated by weak surfactants[24]. Therefore, the noncovalent complexation

of BNNTs with strong dispersants is needed to avoid nanotube aggregations. To date,

various surfactants[25], [26], biomolecules[26], and other polymers[1] have been utilized
to disperse BNNTs through noncovalent complexation in an aqueous environment.
McWilliams et al. reported that ionic surfactants disperse BNNTs more effectively than

nonionic surfactants and produce nanotube dispersions with fewer impurities[26].
In this work, we have demonstrated a method to fabricate continuous BNNTs/PVA

composite fibers via a wet-spinning approach. The main challenges consist of stabilizing

BNNTs in aqueous solutions of PVA to prevent the formation of nanotube aggregates and
the formation of fibers from BNNT dispersions. We investigated the dispersion quality of

BNNTs in water using various ionic surfactants, a biomolecule, and a combination of
surfactant and biomolecule. We found that sodium deoxycholate (SDC) produced stable

dispersions of BNNTs with improved yield among all dispersants tested in this work. The
selected surfactant strongly adsorbs onto the surface of nanotubes via a large hydrophobic

group and the resulting SDC-coated BNNT complexes are highly stable when mixed with
PVA in water. Subsequently, fibers were formed by injecting a BNNTs/PVA mixture in a

rotating coagulation bath (i.e., MeOH, EtOH, and MeOH/acetone). Coagulated fibers were
allowed to dry in the air before testing their mechanical properties. We have studied the
effects of pristine versus purified BNNT material, BNNT and PVA concentrations, and the
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coagulation bath on the mechanical properties, including tensile strength, Young’s

modulus, and toughness of the final composite fibers.
This thesis summarizes work on BNNT dispersions in aqueous media using various

dispersing agents, and the fabrication of BNNTs/PVA composite fibers. Chapter 2 provides

background information on the structure of BNNTs and their superior properties, the
synthesis of BNNTs, the functionalization routes to modify BNNT surfaces, the most

common fiber spinning approaches, as well as some of the studies that fabricated
nanotube/polymer composite fibers. Chapter 3 provides information on the experiments

and methods that have been employed by our group to disperse BNNTs in aqueous media
and fabricate BNNTs/PVA composite fibers. Chapter 4 discusses the findings of this study.
Finally, chapter 5 summarizes the work done in this study and our most important findings.
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CHAPTER II

BACKGROUND

2.1. Boron Nitride Nanotubes
2.1.1 Structure of Boron Nitride Nanotubes
Boron nitride is an organic compound with a chemical formula BN, which consists

of an equal number of boron and nitrogen atoms. Boron nitride is primarily found in three
different types including a hexagonal nanosheet (h-BN) form that resembles graphite,

sphalerite-type forms related to cubic diamond, and wurtzite-type forms related to
hexagonal diamond[27],[1]. Boron nitride nanotubes (BNNTs) have a one-dimensional
tubular structure and can be imagined as a rolled-up graphite-like BN sheet, that consists

of boron and nitrogen atoms arranged in a hexagonal lattice[1].

BNNTs crystallize in singled and multiwalled structures (Figure 1). The single
walled structure is not common in BNNT systems because of the boron and nitrogen
stacking characteristics. The B - N bonding has a partially ionic character that results in

lip-lip interactions between the neighboring BN layers. Therefore, the formation of multi

walled BNNTs stabilizes the whole system and is more common in BNNTs than in single
walled structures.[1]
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SWCNT

DWCNTs

SWBNNT

DWBNNTs

MWCNTs

MWBNNTs

Figure 1. Molecular structures of (a) SWCNT, (b) double-wall CNT (DWCNT), (c)
multi-wall CNT (MWCNT), (d) SWBNNT and (e) DWBNNT, (f) MWBNNT. This
figure illustrates the structural similarity between BNNTs and CNTs and the different
crystallization structures.
2.1.2 Properties of Boron Nitride Nanotubes
In recent years, BNNTs have been attracting much interest due to their low density,

high thermal conductivity, electrical insulation, and oxidation resistance. Compared with
metallic or semiconducting CNTs, BNNTs have a wide bandgap of ~6 eV, which is
independent of the tube geometry or morphology [28], [29]. However, studies have shown
that this bandgap could be narrowed to n- of p-type semiconductors by deformation[30],

doping[31], [32], or functionalization[33].

The thermal stability of BNNTs was investigated using thermogravimetry (TG)

analysis. In contrast to CNTs, that start oxidizing at 450 - 500 °C, BNNTs can withstand
higher temperature in air before oxidation starts at 950 - 1000 °C[4], [34]. Therefore,
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BNNTs are assumed to be more useful than CNTs in nano-based applications performing
at high temperatures and in hazardous environments.
Similar to CNTs, BNNTs are also known to be excellent thermal conductors. The

thermal conductivity of isotopically enriched, isolated MWBNNTs with an outer diameter

of 30 - 40 nm was experimentally measured by Chang et al[35]. This group used a
microfabricated test fixture that allows high-resolution transmission electron microscopy

imaging of the sample to determine the thermal conductivity of 350 W m#$K#$for

BNNTs.
The photoluminescence quantum yield of BNNTs exceeds that of CNTs. Zhi et al.
investigate BNNTs phonon features using Raman and Fourier-transformed infrared
spectroscopies[36]. The results of this study reveal that intense ultraviolet light emission

can be observed when BNNTs are excited by an electron beam, which indicates that

BNNTs may have potential applications in ultraviolet optical devices. Jaffrennou et al.[2]
investigated the optical properties of MWBNNT using cathodoluminescence and optical

absorption spectroscopies coupled with structural imaging in TEM on carbon coated TEM
copper grids. The polychromatic cathodoluminescence imaging of the nanotube reveals

that MWBNNTs are strongly luminescent materials and that their luminescence is located
all along the nanotube.

2.2. Synthesis of Boron Nitride Nanotubes
Following a similar procedure for the synthesis of CNTs, the production of BNNTs

was initially attempted by modified arc discharge [4,41], laser evaporation and

ablation[37], and chemical vapor deposition (CVD)[38] techniques.
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2.2.1 Chemical Vapor Deposition (CVD)
CVD is widely used for the synthesis of materials in high chemical purity[39], [40].
Many different sources of boron have been utilized for the synthesis of BNNTs by

CVD[38], [41]-[44]. Zhi et al.[45] reported the safest approach to produce BNNTs by

CVD using boron oxide CVD (BOCVD) method. This grouped mixed B, MgO, and other
metal oxide precursor powders and heated them to achieve BxOy vapors. The temperature

of the vapor is lowered by introducing Aragon gas. Then, the vapor reacts with anhydrous
NH3 to form BNNTs. This method, however, requires a reaction chamber that is specially

designed to control the flow and reaction of BxOy and NH3, which is still difficult to
achieve for the reproducible growth of BNNTs. A simpler CVD approach to synthesize
BNNTs in a conventional horizontal resistive tube furnace was reported by Lee et al[46].

This group uses quartz test tube to trap and confine the vapors for the formation of BNNTs
(GVT, growth vapor trapping approach) which is controlled by catalysts coated on Si

substrates. This approach led to producing high-quality and vertically aligned BNNTs with
6 eV bandgap.
2.2.2 Ball Milling
Ball milling is one of the earliest approaches for BNNTs synthesis[47]-[51]. The

process consists of ball milling of boron powder for a long period of time in NH3 gas
followed by annealing at high temperature in N2 environment[52]. The ball-milling and

annealing process has been found to have clear advantages over the others in large-scale
production[34]. However, the bulk quantity of synthesized BNNTs using the ball milling

and annealing process was found to have variable morphology and the quality and purity

of BNNTs were not satisfactory.
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2.2.3 Laser-Based Techniques
Laser evaporation of h-BN was first utilized by Golberg et al.[53] to synthesis

MWBNNTs. This group uses a continuous CO2 laser in a very high nitrogen pressure. As
a result, short nanotubes were formed with a large number of impurities such as amorphous
BN particles and flakes.

Another group was able to produce longer nanotubes with smaller diameters by
incorporating metal catalysts, such as Co and Ni nanoparticles, in the laser ablation

process[54].
Using plasma-enhanced pulsed laser deposition at 600°C, BNNTs were grown for
the first time on a substrate by wang et al[55]. This method produced high-quality vertically
aligned nanotubes. However, these nanotubes were relatively short.

2.2.4 Large Scale Synthesis

Recently, plasma discharge techniques were employed for the large-scale synthesis
of BNNTs. A recent study reported a large-scale synthesis of BNNTs by feeding h-BN
powder in a high-temperature induction plasma along with hydrogen and nitrogen gases.

The precursor materials decomposed into their constituent elements resulting in the
condensation in nanosized boron droplets in cooler downstream of the reactor. SEM

imaging of the produced material revealed the formation of material with different
macroscopic morphologies and 40% impurities[56]. Fathalizadeh et al.[57] reported the

production of BNNTs with less impurities, ~20%, following a similar technique. Using a
custom-designed plasma system, boron feedstock was injected into a nitrogen plasma

plume. The boron droplets react with the nitrogen to produce BNNTs. The resulted BNNTs

were mostly entangled and small diameter double-wall nanotubes.
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2.3. Functionalization of Boron Nitride Nanotubes
A major issue that hindered the effective translation of nanotube properties into

macroscopic materials is the poor dispersibility of nanotubes in aqueous and organic
solvents. Nanotubes tend to aggregate in liquids due to the strong van der Waals forces

between adjacent tubes. Hence, to disperse and produce stable dispersion of BNNTs in
aqueous media, the surface of the nanotubes must be functionalized. To date, different

chemical approaches have been developed to functionalize the surface of the nanotubes,
such as covalent functionalization, non-covalent functionalization, defect reaction, and

inner filling (Figure 2) [58].

Figure 2. An illustration of the different routes to achieve functionalized BNNTs via
chemical processes. Reproduced from [59]
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2.3.1 Covalent Functionalization
Covalent functionalization of BNNTs involves the treatment of the BNNTs surface

in a chemically harsh environment in acids or high temperature heating. This harsh

treatment is capable of breaking B - N bonds and activating reactive sites that react with
functional groups which in turn modifies the BNNT surface[58]. However, this approach

causes defects in the surface of the nanotubes and deteriorates their physical and chemical

properties[60].
BNNTs were first covalently functionalized by Zhi et al.[60] by following a similar

procedure that was previously reported for CNT functionalization[61]. This group purifies

as-synthesized MWBNNTs by heating BNNTs in nitrogen to about 1900°C to remove
impurities and metal catalysts. The purified BNNTs are then mixed with stearoyl chloride
and heated to 100 °C. This mixing and heating allow for a chemical reaction between the
COCl group of stearoyl chloride and amino groups on the BNNTs to occur (Figure 3). the

heating is followed by annealing for 120h and centrifugation. The functionalized BNNTs

were found to be dispersible in solvents such as chloroform, N,N-dimethylacetamide,

tetrahydrofuran, N,N-dimethylformamide, acetone, toluene, and ethanol with no

observation of precipitation for a long period.
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Figure 3. Schematic representation of the reaction between COCl group of stearoyl
chloride and amino groups on the BNNTs to covalently functionalize the BNNT surface.
Reprinted from [60].
Ikuno et al.[62] improved the amine-functionalization of BNNTs by utilizing a
microwave plasma generator to treat BNNT powder in an atmosphere of ammonia gas.
Their findings suggest that N% ions in ammonia plasma adsorb onto the BNNT surfaces

creating vacant sites for NH! and H radicals to attack which leads to the formation of
amino-functionalized BNNTs. These functionalized nanotubes were found to have
excellent dispersibility and stability in organic solvents. On the other hand, high-resolution
transmission electron microscopy imaging revealed that structural and chemical defects

had been introduced into nanotube sidewalls.

Zhi, Bando, and Golberg were also able to functionalize BNNTs by introducing
hydroxyl groups to the boron sites using H!O! and NH to the nitrogen sites (Figure 4)[63].

Another study used these functionalized BNNTs to fabricate composite films and
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investigated whether introducing hydroxyl groups to the BNNT surfaces affects the
mechanical properties of the composites. Their mechanical tests confirmed that the
mechanical performance of the composites considerably improved when introducing

hydroxyl groups to the BNNT surfaces compared to non-functionalized BNNTs and

polymer composites[64].

Figure 4. Schematic representation of boron site activation using H2 02 to covalently
functionalize the BNNT surface. Reprinted from [63]
2.3.2 Noncovalent Functionalization
Noncovalent functionalization of BNNTs involves the adsorption of small

amphiphilic molecules on the surface of BNNTs via weak intermolecular interactions. This
functionalization route produces relatively unstable dispersions of BNNTs in aqueous
media compared to the covenant functionalization route. However, this route does not

cause any damage to the nanotubes and preserves their properties. To date, various
surfactants[25], [26], biomolecules[26], and other polymers[1] have been utilized to

disperse BNNTs through noncovalent complexation in an aqueous environment.
Surfactants are the most used dispersing agents to stabilize nanotubes in water

because they are inexpensive and do not cause any damage to the nanotubes. A surfactant
consists of a hydrophobic head and a hydrophilic tail. When dispersed with BNNTs in
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water, the hydrophobic head adsorbs on the surface of the nanotube while the hydrophilic

tail interacts with the water molecules. This allows the surfactants to create a micelle
around the individual nanotubes isolating them from each other through electrostatic or

steric forces[58]. McWilliams et al.[26] studied BNNT dispersion in aqueous solutions of
various surfactants. A total of eight surfactants with different properties, such as charge
and molecular weight, has been tested. Specifically, 1 mg mL#$of BNNTs were dispersed

in 1 wt% of surfactant solution and ultrasonicated for 10 minutes. Imaging of supernatant

dispersions of BNNTs with surfactants revealed that ionic surfactants disperse BNNTs
more specifically than nonionic surfactants and produce dispersions with fewer impurities.
Water-soluble polymers have also been used to wrap BNNT surfaces by n-n
stacking interactions. A study by Wang et al. demonstrated BNNT dispersions by
ultrasonication in an aqueous solution of perylene diimides. The dispersion was then

filtered and washed to remove free perylene diimides. The functionalized BNNTs were

found to be easily soluble in an aqueous solution[65].

2.4. Fiber Spinning Methods
The spinning of polymer fibers has evolved during the past few decades as the

demand for engineering macroscopic textile materials has increased. Fiber spinning could
be described as a form of extrusion from a spinneret of one or multiple fine holes[66]. All
fiber forming processes are irreversible processes involving the rapid and continuous

solidification of a liquid with a very restricted size in two directions. The solidification of
the liquid solution is achieved when the liquid comes in contact with a moving fluid that

could be a gas or a liquid[67]. To fabricate polymer fiber, the polymer is either melted and
spun or dissolved in a solvent and spun via wet spinning or dry spinning[68]. Therefore,
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Fiber manufacture is subdivided into three basic methods, wet spinning, dry spinning, and

melt spinning (Figure 5).

Figure 5. Fiber spinning methods including melt spinning, dry spinning, and wet spinning.
Reproduced from [69]
2.4.1 Wet Spinning Methods
Wet spinning is the most common method for fabricating polymer fibers and the
one with the longest history. Wet spinning was one of the original methods for producing

synthetic fibers and was first used in the late 19th century[66]. In wet spinning, the polymer
solution is dissolved in a solvent and extruded into a coagulation bath of a liquid that is

miscible with the spinning solvent but a non-solvent of the polymer. This causes the solvent
to be removed as the polymer solidifies and precipitate to form the fiber. In other words,

wet spinning requires mass transfer of the solvent and non-solvent for fiber solidification.
This process is slower compared to the heat transfer process of cooling associated with
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melt spinning, and to the evaporation associated with dry spinning[70]. The fiber formation
in the coagulation bath is a complex process and it involves parameters of bath
composition, temperature, extrusion, and take-up velocity[71]. An advantage of wet
spinning is that the concentration of nanofillers can be controlled through the addition of

the solvent. Two types of coagulant baths are usually used, stationary bath, which is usually
favored for large-scale fiber production, and rotating bath, which is good for laboratory

scale production (Figure 6).

Rotated Bath

Stationary Bath
Figure 6. Diagrams of stationary and rotated coagulation bath.

2.4.2 Dry Spinning Methods
Another type of solution spinning is dry spinning which was utilized around the

same time as wet spinning[72]. Similar to wet spinning, this method requires that the

polymer be dissolved in an organic solvent before the solution could be spun. However,
this method eliminates the use of a coagulation bath. Instead, the solidification of polymer
is achieved by evaporation of the solvent. The solution is extruded in a spinning tube in
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which the solution is forced through fine orifices in a metallic plate, called a spinneret, at

a controlled rate. The exiting jets come into contact with a stream of hot gas. This results
in evaporating the solvent forming a solid skin that becomes fully solidified filaments with
further evaporation during the downward passage through the gas flow. Dry spinning is

ideal for polymers that are vulnerable to thermal degradation, cannot form viscous melts,
and when specific surface characteristics of fibers are required. For instance, dry spinning
is suitable for polymers such as polyurethane, polyacrylonitrile, polybenzimidazoles,

polyamidoimides, and polyimides due to producing fibers with better physicomechanical

properties. The process is more complex than melt spinning because the production of the
filament is a function of both temperature and mixture concentration. Therefore, wet spun

and melt-spun fibers are considered more favorable as they are cheaper to produce than dry
spun fibers[73].
2.4.3 Melt Spinning Methods

Melt spinning is the simplest method, and most commercial fibers are produced by
the melt spinning process[66]. In this process, dried polymer granules or chips are melted

inside the extruder by means of heat to form the spinning mixture. The polymer melt is

forced through the spinneret under pressure[69]. The capillary spinneret holes define the

shape and size of the filament. The extruded polymer is then quenched with cold air and
the molten mass is solidified into filaments and collected onto a winder. This process

requires a constant mass flow rate of molten polymer, which is maintained by a metering
or a spinning pump. The take-up speed is kept higher than the average extrusion speed or

throughput rate at the spinneret, and the ratio of take-up speed to average extrusion speed

is defined by the draw-down ratio. Filaments spun by the melt spinning process usually
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lack strength for industrial application. Therefore, melt spinning is followed by a

mechanical drawing of the spun filaments to improve the alignment of molecular

orientations along the filament axis which, in turn, increases the strength of filaments[12][16].

2.5. Nanotube/Polymer Composite Fibers
For the last two decades, nanotubes have been used as fillers in polymeric fibers,
to enhance their mechanical properties. Many CNT-containing polymer composites,

exhibiting significantly improved properties than neat polymer fibers, have been
reported[20].
Chae et al. [20] used CNTs as fillers in a PAN fiber. The study fabricates composite

fibers using many types of CNTs, such as single-wall, double-wall, and multiwall tubes
and compares their mechanical properties. CNTs were dispersed in DMAc using sonication
and stirring until the dispersion reached homogeneity visually. PAN was dissolved in
DMAc at 70 °C. The two solutions were mixed and stirred until they became a homogenous

mixture, and excess solvent was evaporated. The resulted solutions were spun at room

temperature, where the air gap between the spinneret and the coagulation media was about
2 cm. the two coagulation baths were maintained at 30 °C and the drawing bath at 100 °C.

The drawn fiber was dried using a heater maintained at 130 °C. The mechanical properties
of the composite fibers showed improvement over the control PAN fiber. Young’s modulus
increased from 7.8 GPa for control PAN to 13.6 GPa for PAN/SWCNTs, 9.7 GPa for

PAN/DWCNTs, and 10.8 GPa for PAN/MWCNTs. On the other hand, PAN/MWCNTs
composite fiber showed the highest tensile strength of 412 MPa compared to all tested
fiber. SEM imaging revealed that fibril ends can be clearly observed in the SWCNTs/PAN
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composite fiber which indicates that the SWCNTs are much shorter than the MWCNTs
(Figure7). Therefore, the higher tensile strength of the MWCNT composites is attributed
to longer tubes.

Figure 7. SEM images of the tensile fractured surfaces; (a) control PAN, (b)
PAN/SWCNTs, and (c) PAN/MWCNTs fibers. Reproduced from [74]
Mercader et al.[19] uses the wet spinning approach to fabricate CNT/PVA

composite fibers. This process consists of injecting a CNT/PVA dispersion in a static bath
to allow for large-scale fiber production. Two different types of CNTs are used, purified

single-walled and multiwalled CNTs. Different aqueous dispersions are prepared by

dispersing 0.5 wt % SWCNTs using water-soluble surfactant molecules at a concentration
of 1 wt %. MWCNTs are dispersed at a concentration of 0.9 wt % with 1.2 wt % of the
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surfactants. The surfactant used is polyoxoethylene glycol octadecyl ether, a nonionic
surfactant, that prevents aggregation and destabilization of the dispersion. The dispersions
are homogenized by sonication. Each dispersion is mixed with PVA solution at a ratio of

1:1, in which the polymer solution contains 8 wt % of PVA. The mixture is injected at a

rate of 1 ml/min through three to five spinnerets. The three to five coagulated filaments
stick to each other to form a single fiber which is drawn into a water bath to be washed.

This allows salt and surfactants to be removed from the fiber. The fiber is then dried by IR

heating, and collected onto a winder. The study finds that coagulation takes place as
quickly as the dispersion is injected in the sodium sulfate solution and the fiber is already
strong enough to be taken and transported along the spinning line through the washing bath

and IR heating oven. They find that the process can be run continuously which leads to the

formation of infinitely long and uniform single fiber. The study reported Young’s modulus
of 12 GPa and strength at the failure of 400 MPa for SWCNT/PVA fibers, and slightly
lower Young’s modulus of 10 GPa, and strength to failure of 270 MPa for MWCNTs.

However, these results were not compared to the control PVA fiber because neat PVA
fibers were not capable of being spun at similar conditions.
Chang et al. [19] fabricate BNNT/PAN composite fibers by using the gel spinning

method. The group discusses the effect of BNNTs on the structure, mechanical and thermal
properties of the resulted fiber. BNNTs were dispersed in DMF by sonication until the

dispersion appeared homogenous visually. PAN powder was dried and then dissolved in

DMF. The BNNT/DMF dispersion was added to the PAN/DMF solution and the excess
amount of solvent was evaporated. Using the later solution, they fabricate neat PAN fibers,
PAN containing 1 wt% BNNTs (PAN/BNNT-1), and PAN containing 5 wt% BNNTs
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(PAN/BNNT-5). Fibers were spun in a cold methanol gelation bath and collected with a

take-up roller followed by room temperature drawing and hot drawing. In addition, fibers

were stabilized and carbonized in a tube furnace. Composite fibers tested before
stabilization and carbonization showed similar values of tensile strength and tensile

modulus but lower values than those of the control fiber. The mechanical properties of all
fibers after carbonization showed an increase of ~1 GPa in tensile strength. While the

tensile strength of the composite fiber containing 1 wt% BNNT improved by ~0.3 GPa
over the control fiber, the tensile strength of the composite fiber containing 5 wt% BNNT
showed the lowest mechanical properties. The SEM images of the fibers' cross-sections

reveal that increasing the BNNT content in the composite fiber is causing more voids which
are related to the presence of the h-BN and boron impurities which could lower the

orientation of PAN chains and, therefore, lower the mechanical performance of composite
fibers (Figure 8).

Figure 8. SEM images of cross sections of carbonized fibers. (a) PAN, (b) PAN/BNNT-1,
(c) PAN/BNNT-5, and (d) enlarged area as shown in PAN/BNNT-5. Reproduced from [19]
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CHAPTER III

EXPERIMENTAL SECTION
3.1. Materials

Synthetic (pristine puffball, lot no: 426191) and refined (purified puffball, lot no:

CNA191011) few-wall BNNT materials were purchased from BNNT, LLC (Newport

News, VA). Sodium deoxycholate (SDC, >98 % BioXtra), sodium dodecyl sulfate (SDS,
>99 % BioXtra), tetradecyl trimethylammonium bromide (TTAB, >98%), lysozyme (LSZ)

from chicken egg white (lyophilized powder, protein >90 %), and polyvinyl alcohol (PVA,
MW 146,000-186,000) were obtained from Sigma-Aldrich. Ethanol (EtOH, anhydrous,

Decon Labs, Inc.), methanol (MeOH, anhydrous, 99.9%, Alfa Aesar), and acetone (HPLC

Grade, 99.5+%, Alfa Aesar) were used as received.
3.2. Nanotube Sample Preparation

Pristine BNNTs were dispersed in a total volume of 1 mL deionized (DI) water at

1 mg/mL (i.e., 0.1 mass %) of the starting BNNT material using different dispersants. For

SDC, SDS, and TTAB, the concentration of surfactant was kept at 1 mass %. In addition,
a final concentration of 10 mg/mL (i.e., 1 mass %) LSZ and a mixture of 0.5 mass % TTAB
- 5 mg/mL (i.e., 0.5 mass %) LSZ were used for dispersing BNNTs, respectively. The 1mg
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BNNTs was first added to a vial containing 500 gL of 2 mass % dispersing agent solution.
The solution containing the BNNTs was bath sonicated at room temperature for 30 min to

break the BNNT bundles. 500 gL of DI water were added to the vial after bath sonication
to bring the total volume of solution to 1 mL, and the concentration of surfactant to 1 mass

% and BNNTs to 1 mg mL#$. The later solution was ultrasonicated using tip sonication

for 60 min in an ice bath, at a power level of 8 W and 70% amplitude, using a 2- mm
diameter probe for 60 min (model VCX 130, Sonics and Materials, Inc.). The bulk
dispersion after tip sonication appears as a homogenous mixture with brown milky color.
The bulk dispersion was then separated into 8 vials, each containing ~120 gL sample. The

8 vials were placed in the centrifuge in a balanced manner and centrifuged at 2500 g for

30 min to remove bundled BNNTs. The supernatant from all vials was collected into one

test tube. The experimental steps in this paragraph are summarized in Figure 9.

Figure 9. Illustration of the experimental steps followed to produce BNNT dispersions in
DI water using a dispersing agent.
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3.3. Dispersing Agent Selection

Four dispersing agents with different properties (three surfactants and one
biomolecule) and a combination of one surfactant and one biomolecule were tested for

their ability to disperse and functionalize BNNTs and reserve the highest concentration of
BNNTs after centrifugation. In each test, 1 mg mL#$ of BNNTs was added to a solution

of 1 mass% of dispersing agent. Each solution was ultrasonicated (60 min, 8 W) and

centrifuged (30 min, 2500g), and the supernatant was collected, following the same
procedure described in the previous paragraph. 6 gL of the supernatant from each

dispersion was added to a separate vial containing 594 gL of DI water. The latter solution
was gently vortexed for 30 sec producing 100 times diluted sample. A serial dilution by a

factor of 2 was employed to obtain as many samples as needed for UV- vis absorption
measurements. In other words, 300 gL from the latter solution was mixed with 300 gL of

DI water to produce a sample of 200 times dilution, and so on.

UV-vis absorbance measurements were executed using a Jasco V-760
spectrophotometer over the wavelength range of 187-800 nm using a 10 mm path length

quartz cuvette. Quartz cuvettes were rinsed from inside and outside with ethanol and
washed with water multiple times before stating our measurements to remove any surfaces

that may block the UV path or affect the absorption measurements. The spectrophotometer
was first operated by running a baseline measurement using DI water as the base. Two

cuvettes were used, each contained 300 gL DI water. After the baseline measurement was
completed, one of the cuvettes was removed and cleaned. 300 gL of the diluted sample was

placed carefully in the cleaned cuvette and the sample absorption was measured. This step
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was repeated for all diluted samples. Finally, the results were collected as data points and
used to reproduce the absorption spectra using Excel.
Determination of BNNT concentration in the supernatant from UV-vis

measurements was found to be challenging because some of the dispersing agents absorb

around the same wavelength as BNNTs, which is 204 nm. For example, LSZ absorbs
around 197 nm. This means that the absorption of some of the dispersing agents overlaps
with the absorption of BNNTs. Determining the nanotube concentration in dispersions

requires a known extinction coefficient at a given wavelength. To solve these problems, a
membrane filtration using a Microcon® centrifugal filter with a molecular weight cutoff

(MWCO) of 100 kDa was performed to remove unbound, excess dispersants to allow
resolution of nanotube absorption feature at 204 nm wavelength. Specifically, supernatant

samples were washed three times and re-dispersed in water for measurements.

The

concentration of individually dispersed SDC-BNNT complexes was determined using an

extinction coefficient of 188.27 mL mg#$ cm#$ at 204 nm wavelength obtained in this
work. The anionic surfactant, SDC, was found to disperse BNNTs better than the other

studied agents and produced supernatant with the highest concentration of BNNTs.
3.4. Determination of the Optimum Centrifugation Force for SDC-BNNT Dispersions

1 mg of pristine BNNTs were dispersed in 1 mass % SDC solution. The 1 mg
BNNTs was first added to a vial containing 500 gL of 2 mass % SDC solution. The solution

containing the BNNTs was bath sonicated at room temperature for 30 min. 500 gL of DI
water were added to the vial after sonication to bring the total volume of solution to 1 mL,

and the concentration of surfactant to 1 mass % and BNNTs to 1 mg mL#$. The later
solution was ultrasonicated using tip sonication for 60 min in an ice bath. The bulk
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dispersion after tip sonication was homogenously dispersed. The bulk dispersion for each
sample was, then, separated into 8 vials, each of ~120 gL. The 8 vials were placed in the

centrifuge in a balanced matter. To study the effect of the centrifugation force on the BNNT
content in the dispersion, prepared samples were centrifuged at different gravitational

forces while keeping the centrifugation time constant at 30 min. The gravitational forces
studied are 500g, 1000g, 2500g, 5000g, and 10,000g. The supernatant for each sample was

collected and gently vortexed for 1 min. UV-vis measurements were employed to test the
absorption of each sample after centrifugation. Each sample was diluted 200 times. 300 gL
of each diluted sample was placed in a quartz cuvette with a path length of 10 mm. UV-

vis measurements were executed after using DI water as the reference sample, and the
absorption curve over the wavelength range of 187-800 nm was recorded. The sample that
records the highest absorption peak at 204 nm among the tested samples would represent
the sample with the largest BNNT content in the supernatant.
3.5. Extinction Coefficient for SDC-BNNT Dispersions

4 mg of pristine BNNTs were dispersed in 1 mass % SDC solution. The 4 mg
BNNTs were first added to a vial containing 500 gL of 2 mass % SDC solution. The
solution containing the BNNTs was bath sonicated at room temperature for 30 min. 500

gL of DI water were added to the vial after sonication to bring the total volume of solution
to 1 mL, and the concentration of surfactant to 1 mass % and BNNTs to 4 mg mL#$. The

later solution was ultrasonicated using tip sonication for 60 min in an ice bath. The bulk

dispersion after tip sonication was homogenously dispersed. The bulk dispersion was, then,
separated into 8 vials, each of ~120 gL. The 8 vials were placed in the centrifuge in a

balanced matter. The centrifuge operated for 30 min at 2500 g. The supernatant from each
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vial was collected and combined in one vial. This process was repeated for two more
samples under the same conditions. Finally, the supernatant from all samples was

combined in one vial creating a sample of ~ 3 mL. The supernatant was gently vortexed
for 1 min. Membrane filtration was employed to remove the surfactant from 600 gL of the

supernatant using 100 kDa filters, which are large enough to allow the surfactant to pass
through the membrane but not the nanotubes. Each membrane filter was placed in a 1.5 mL

empty vial and centrifuged at 500g for 10 minutes. This washing process was repeated
three times after the addition of 100 gL of DI water to every vial between each wash. After

the washing process, the BNNTs were collected after adding a small fraction of DI water
to allow for the transfer of BNNTs using pipets into one vial. As a result, the BNNTs were

concentrated about 11 times. The final volume of BNNTs in water after the concentrating

step was 200 gL. 6 aluminum pans, that can each hold about 40 gL of liquid volume, were
used to evaporate the solvent in which BNNTs are dispersed. The weight of each pan was

measured using microbalance. 25 gL of the concentrated BNNTs were transferred to each

pan and placed in oven. The oven operated at 80 °C for 48h until the solvent was completely

evaporated. The weight of each pan containing dried BNNTs was measured and recorded.
To determine the weight of dried BNNTs in each pan, the weight of the pan containing

BNNTs was subtracted from the initial pan weight before the addition of the BNNT

solution. The average BNNT weight in the 25 gL was found to be 0.47 mg. Therefore, the

concentration of BNNTs in the supernatant was found to be ~ 18.93 mg mL#$. Knowing
the approximate concentration of BNNTs in the supernatant allows us to keep track of the
concentration after a certain dilution. 3.6 gL of the supernatant was placed in a vial

containing 3596.4 gL of DI water producing 1000 times diluted solution. This process was
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repeated at a dilution factor of 25% to prepare samples with different BNNT concentration
for UV-vis measurements. 300 gL of each diluted sample was placed in a quartz cuvette

with a path length of 10 mm. UV-vis measurements were executed after using DI water as

the reference sample, and the absorption peak at 204 nm was recorded. By knowing the

actual concentration of BNNTs at each dilution and its absorption, we can plot absorption
against concentration and fit the data to a linear line. The slope of this line represents the

extinction coefficient multiplied by the path length of the quartz cuvette, as shown in the
equation below.
A = slC
A: absorption, s: extinction coefficient [mlmg#$cm#1],
concentration [mg ml#1 ]

[1]
I: path length [cm], C:

3.6. BNNT/PVA Mixture Preparation

4 g of PVA crystalline powder were dissolved in 40 mL of distilled water under

constant stirring at 60 °C for 3 h, making a solution of 10 mass% PVA. BNNT/PVA
mixture was prepared by adding SDC-BNNT supernatant to the PVA solution. BNNT

concentration in the prepared mixture was varied from 0 to 0.1 mass %. Mixtures were
prepared with two concentrations of PVA, 2.5 and 5 mass%. Mixtures were gently
vortexed for 1 min and bath ultrasonicated for 30 min before spinning. The concentration

of BNNT in each mixture was determined from UV-vis absorbance using an extinction
coefficient of 188.27 mLmg#1 cm#1 at 204 nm wavelength.
3.7. Fiber Spinning

Neat PVA fibers and Boron Nitride Nanotubes and PVA composite fibers were
spun via the wet spinning method. The spinning mixture was first transferred into a 5 mL
syringe with 12 mm inner diameter. The spinning mixture was then injected in a 400 mL
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rotating coagulation bath. The rotation speed of the bath was set at 23 RPM. The solution

was dispensed, in the same direction as the rotation bath, from a high-pressure 22 gauge
(0.5 mm inner diameter) stainless steel needle, positioned 5 cm from the bath center, at a
volumetric flow rate of 100 ^L min#$. The volumetric flow rate was controlled using a

syringe pump after inputting all the required parameters, such as the syringe inner diameter,
and the rate at which the solution must be dispensed. Immediately after the injection starts,

the dispensed solution starts to solidify and form fiber. The fiber tip is pulled out of the

coagulation bath after few seconds and continuously taken up at an average speed of 10

cm min#$. An illustration of the settings used in our spinning process is shown in Figure

10. The pump is turned off after a long enough sample (roughly 10 cm) of the fiber was
collected. The rotation disk is also turned off at the same time. The collected fiber sample
was stretched and hanged to dry in air for at least 15 min before mechanical testing. The

overall experimental procedure is illustrated in Figure 10.

Figure 10. Illustration of the rotated coagulation bath and settings used to spin fibers in
our experiments.
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Figure 11: Overall experimental procedure for the preparation of BNNTs/PVA spinning
mixture and fiber spinning.
3.8. Mechanical Testing of Fibers

An Instron Premium 5969 with a 5 N static load cell was used to test the mechanical

properties of BNNTs/PVA fibers at an extension speed of 1 mm m#$. Fiber samples were
glued into a testing frame with a gauge length of 26 mm (Figure 12), which was then

installed on pneumatic side-action grips of 50 N capacity with smooth jaw faces (25 mm
x 25 mm) (Figure 13). The load and gauge length were balanced and zeroed before each

run. Test data collected for each sample were load, extension, time, and strain. The
densities of fibers were estimated to be 1.30 g/cm3 for neat PVA fibers and 1.23 g/cm3

for BNNTs/PVA fibers using the rule of mixture where the density of BNNTs is 1.50 g cm
3 by taking the average of previously reported values,[75], [76] while densities for SDC

and PVA are 0.2 and 1.30 g/cm3, respectively. [77], [78] Excel and MATLAB were used
to analyze the mechanical properties of fiber samples. Five different fiber samples were

measured for each composition of BNNTs/PVA fiber. Of the five samples, the ones with
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the highest and lowest tensile strength were eliminated, and the remaining three samples

were used to calculate the average mechanical properties of fibers.

Figure 12. Fiber sample attached to a testing paper frame. The fiber sample was secured
on the frame using two drops of glue at each end.

Extension
1 !!/!#$

Fiber

Frame

Figure 13. Schematic representation of the pneumatic side-action grips of 50 N capacity
with smooth jaw faces (25 mm x 25 mm) and the installed testing frame.
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3.9. Microscopy

3.9.1 Scanning Electron Microscopy (SEM)
High-resolution field emission scanning electron microscope (SEM), Inspect F50

by FEI, equipped with an Everhart-Thornley detector with variable grid bias was used to

characterize the surface and cross-sectional area of composite fibers. The fractured fiber

tip was attached on a carbon tape sheet in a manner that the fiber tip is facing up. The
sample was installed in the SEM chamber after venting the chamber. The chamber was

closed tightly and evacuated after the sample installment. A beam of electrons was fired

from the elector gun onto the sample to diffract and be detected by the secondary electron
detector. Clear images of the fiber cross-section and surface were collected for further

analysis. A sample of the images collected using SEM is shown in Figure 14.

Figure 14. Image of the cross section of a neat PVA fiber sample spun in methanol. The
image was captured using scanning electron microscopy.

32

3.9.2 Optical Microscopy
An optical microscope was used in this research to capture images of the cross

section of the fiber fractured tips. 100 times magnification was used. The fractured sample
was attached vertically on the side edge of glass slip. This will allow the fiber tip to face
the microscope lenses. Images were collected saved for further analysis. A sample of the
images collected using optical microscopy is shown in Figure 15.

Figure 15. Image of the cross section of a fiber sample captured using optical microscopy.
Cross-sectional area at fiber failure was measured using computer software,

ImageJ. The change in cross-sectional area as elongation increases during the mechanical
testing was accounted for by measuring the cross-sectional area at time t using equation 2.
At

=
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[2]

A& is the cross-sectional area at time t, Af is the cross-sectional area at fiber failure
(measured using computer software), I* fiber length at failure, and l& fiber length at time
t.
I* = 1+ +1&

[3]

l& =1+ + E&

[4]

I* is the final fiber length [mm]

l& is fiber length at time t [mm], E& is fiber extension at time t.

From load and extension measurements imported from Instron software, the strain
and stress were measured. Strain and stress were calculated using equation 5 and equation

6, respectively.
Strain =

,"#,#
,#

a=

)

x 100%

[5]
[6]

o is stress at time t [MPa], F is the load at time t, and A is the cross-sectional area at time
t.
To determine the mechanical properties of the fiber, stress-strain curve is obtained

by plotting the stress data on the y-axis and strain data on the x-axis (Figure 16). The tensile
strength of the fiber was determined as the maximum stress the sample can withstand

before reaching failure in units of [MPa]. Young’s modulus is determined as the maximum

slope of the stress - strain curve within the first 3% of strain in units of [MPa]. Toughness
is calculated as the area under the stress - strain curve in units of [MPa] and converted to

[J/g] by dividing by the fiber density. Fiber density was calculated based on the
BNNTs/PVA mixture excluding the solvent, DI water. Since water is miscible with EtOH

and MeOH, the solidified fiber is assumed to contain only SDC, BNNTs, and PVA, and its

density is assumed to depend on the mass fraction of each component in the spinning
mixture, as shown in equation 7.
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p is fiber’s density [g/cm3], p123 is SDC density (p123 = 0.2 g/cm3), P45567 is BNNTs
density [(P45567 = 1.38 g/cm3),[75], [76] p89) is PVA density (pPVA = 1.3 g/cm3),[77],
[78] m123 is mass fraction of SDC, m45567 is mass fraction of BNNTs, m89) is mass
fraction of PVA.

Figure 16. Stress - strain curve with tensile strength, Young’s modulus, and toughness
measurements indicated.
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CHAPTER IV

RESULTS AND DISCUSSION

4.1. Dispersing Agent Selection

Four dispersing agents with different properties (three surfactants and one
biomolecule) and a combination of one surfactant and one biomolecule were tested for

their ability to disperse and functionalize BNNTs and reserve the highest concertation of
BNNTs after centrifugation s. In each test, 1 mg mL#$ of BNNTs was added to a solution

of 1 mass% of dispersing agent. Each solution was ultrasonicated (60 min, 8 W) and

centrifuged (30 min, 2500g), and the supernatant was collected. Determination of BNNT
concentration in the supernatant from UV-vis measurements is challenging because the

absorption of some of the dispersing agents overlaps with the absorption of BNNTs.
Therefore, we removed the excess, unbound dispersing agent from the supernatant by
washing 100 gL of each dispersion three times in DI water using centrifugation (10 min,

500g) and membrane filtration (100 kDa). The washed nanotubes were re-dispersed in 100
gL of DI water, and the BNNT concentration in the retentate was determined by measuring

the UV-vis absorption. We determined the extinction coefficient of SDC-coated BNNTs
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to be 188.27 mL mg#$ cm#$ at 204 nm and used it to calculate the BNNT concentration

from UV absorbance, as shown in Figure. BNNTs concentration in the supernatant from
the different dispersing agents is shown in Figure 17b. We found that surfactants disperse
BNNTs better than LSZ, which only reserved ~0.25 mg mL-1of nanotubes. The anionic

surfactant (SDC) was found to disperse BNNTs better than the cationic surfactant (TTAB)
and the anionic surfactant (SDS) and reserve ~0.6 mg mL#$ of individualized nanotubes

in the supernatant.

37

a)

b)

Figure 17: Supernatant dispersions of pristine BNNTs (i.e., 1 mg/mL starting material) in
water stabilized by various dispersing agents including SDC, TTAB, TTAB/LSZ, SDS,
and LSZ. (a) Absorbance spectra of BNNT dispersions after membrane filtration (i.e.,
BNNT retentate) and the corresponding (b) concentration of dispersed BNNTs. All
samples were diluted by a factor of 200* in DI water for UV-vis absorbance
measurements. The error bars were obtained from the standard deviation of a minimum of
three repeats of different dispersion samples.
4.2. Optimum Centrifugation Force for SDC-BNNT Dispersion.
Five bulk dispersions of 1mg BNNT in 1 mass % SDC solution were centrifuged
for 30 minutes at different centrifugation forces, 500g, 1000g, 2500g, 5000g, and 10,000g.

The supernatant of each dispersion was collected and diluted 200 times for UV-vis
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measurements. UV absorption measurements of the supernatant over the range 190 - 250
nm are shown in Figure 18. The results indicate that increasing the centrifugation force

from 500g to 5,000g has a small effect on the BNNT concentration in the supernatant.
However, increasing the centrifugation force to 10,000g seems to drop the BNNT
concentration by one-half. Figure 18 shows the change in the supernatant color as the
centrifugation force increases. Supernatant from samples centrifuged at 500g and 1000g
have a brownish color. This indicates the existence of a large fraction of impurities in the

supernatant. Supernatant from samples centrifuged at 5,000g and 10,000g are very clear.
This indicates that most impurities were removed from the supernatant. However, by
looking at Figure 19, centrifuging at 5,000g and 10,000g may also be removing a large

fraction of the individually dispersed BNNTs. Therefore, we determined that a

centrifugation force of 2,500g is the optimum force for our experiments since the

absorption of BNNTs is still relatively close to the absorption of samples centrifuged at
500g and 1,000g, and the supernatant color is still relatively clear.

Wavelength (nm)

Figure 17: UV-vis absorption measurements of SDC-BNNT supernatant centrifuged for
30 minutes at different centrifugation forces.
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Figure 18. SDC-BNNT supernatant collected after centrifugation for 30 minutes at
different centrifugation forces compared to bulk dispersion
4.3. Extinction Coefficient for SDC-BNNT Dispersion.
After determining the concentration of BNNTs in the supernatant, which was found

to be ~ 18.93 mg mL#$, based on average 0.47 mg of BNNTs in every 25 uL, A serial

dilution of 25 dilution factor was employed. UV-vis absorption measurements of each

diluted sample that absorbed below 1.2 are shown in Figure 19. Since the actual
concentration of BNNTs in each diluted sample is known, absorption was plotted against
concentration to analyze the relationship between absorption at 204nm and BNNT
concentration. Figure 20 shows a linear relationship between absorption and BNNT
concentration. Fitting the data to a linear line, the slope of the line indicates the value of

the extinction coefficient multiplied by the cuvette length. Therefore, the extinction
coefficient can be calculated to equal 188.27 mL mg-1 cm-1.

40

Figure 19. Absorbance spectra of a concentrated, supernatant dispersions of pristine
BNNTs stabilized by SDC at different dilution factors ranging from 2441x to 11641x in
DI water.
1.2
1.0

Absorbance = 188.27 * Concentration
R2 = 0.9984

0.8
o>
o

0.6
0.4
0.2
0.0
0.000

0.001

0.002

0.003

0.004

0.005

0.006

Concentration (mg/ml)

Figure 20. The calibration curve of SDC-BNNTs obtained at 204 nm. The extinction
coefficient is determined to be 188.27 mLmg#$cm#$ at 204 nm. Error bars were
generated from the standard deviation of three repeats.
4.4. Effect of BNNT Content on the Mechanical Properties of Composite Fibers.
The average mechanical properties of the PVA, PVA/pristine BNNTs, and
PVA/purified BNNTs composite fibers are summarized in Table 1. Figure 21a shows that

the tensile strength of composite fibers increases gradually upon the addition of nanofillers
in the composite fiber. For instance, reinforcing the fiber with only 0.025 mass% of
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pristine BNNT improved the tensile strength from ~185 MPa to ~ 274 MPa. Furthermore,
a tensile strength of ~444 MPa was achieved by increasing the pristine BNNT content in

the composite fiber to 0.1 mass%. In contrast to neat PVA and PVA/pristine BNNT fibers,
PVA/purified BNNT fibers achieved a tensile strength of ~ 411 MPa.

Compared with the control PVA fiber, the curve of composite fibers exhibited a
much steeper short initial slope, which indicates that Young’s modulus of composite fibers
is higher than that of the neat PVA fiber. Figure 22b shows that with the increase of pristine

BNNT content in the composite fiber, Young’s modulus is significantly enhanced from

1.01 GPa for neat PVA fiber to 6.80 GPa for 0.1 mass% of pristine BNNT composite
fiber. With the increase of purified BNNT content, the composite fiber achieved Young’s

modulus of 7.06 GPa for 0.1 mass% of purified BNNT, approximately 84% higher than
the precursor fiber and 4% higher than the pristine BNNT composite fiber. Figure 22c

shows the toughness increasing as the pristine and purified BNNT content increases. The

average toughness of the PVA precursor fiber is found to be ~112.76 J/g. Increasing the
BNNT content to 0.1 mass% dramatically decreases the toughness to 135 J/g for pristine
BNNTs and to 166 J/g for purified BNNTs.

Table 1: Mechanical properties of neat PVA, pristine BNNTs/PVA, and purified
BNNTs/PVA fibers containing 5 mass % PVA produced in EtOH.
BNNT
Tensile
Young’s
Strain at
Toughness
Fibers
concentration
strength
modulus
failure
(J/g)
(mass %)
(MPa)
(GPa)
(%)
0
185 ± 45
1.10 ± 0.14
112 ± 32
88 ± 40
Neat PVA
0.025
274 ± 65
2.13 ± 0.25
112 ± 15
152± 106
0.050
296 ± 46
2.13 ± 0.37
137 ± 11
103 ± 18
Pristine
BNNTs/PVA
0.075
329 ± 18
5.38 ± 0.90
99 ± 24
65 ± 24
0.100
444 ± 21
6.80 ± 1.16
135 ± 19
89 ± 45
0.025
307 ± 62
3.79 ± 0.48
102 ± 39
95 ± 49
0.050
411 ± 37
3.48 ± 0.17
141 ± 21
91 ± 23
Purified
BNNTs/PVA
0.075
360 ± 3
7.08 ± 1.01
150 ± 57
81 ± 48
0.100
553 ± 45
7.06 ± 0.80
166 ± 55
65 ± 25
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Figure 21: Mechanical properties of neat PVA (i.e., PVA), pristine BNNTs/PVA (i.e.,
Pristine), and purified BNNTs/PVA (i.e., Purified) fibers containing 5 mass % PVA
produced in EtOH as a function of BNNT concentration (a) tensile strength, (b) Young’s
modulus, and (c) toughness.
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SEM characterization method was employed to study the reason why the
mechanical properties of composite fibers changed dramatically upon the addition of

nanofillers in the fiber. Surface texture and cross-section of PVA fiber and composite fibers

were studied using SEM micrographs, as shown in Figure 22. Figure 22 reveals the surface
texture and mechanical robustness of composite fiber containing 5 mass % PVA and 0.05

mass % pristine BNNTs. The fibers fabricated in this study are flexible and can be tied

into a knot without breaking. SEM analysis at high magnification was carried out for a
cross-section of the as-spun PVA fiber and composite fibers. As can be seen from Figure

22, the cross-section of pristine BNNT/PVA composite fiber shows the existence of
agglomerates which generates voids or defects between agglomerates and polymer matrix.

These agglomerates did not lower the mechanical strength of the pristine BNNT composite
fibers compared to neat PVA fiber which could be related to the depression quality of SDCBNNT. However, compared to pristine BNNT composite fibers, Figure 22 shows the

disappearance of agglomerates for purified BNNT composite fibers, and many small white
dots representing the BNNTs in the composite fibers. This explains the increase in the
tensile strength and Young’s modulus over the pristine BNNT composite fibers.
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Figure 22. SEM micrographs of BNNTs/PVA fibers containing 5 mass % PVA produced
in EtOH. (a) Fiber containing 0.05 mass % pristine BNNTs showing the mechanical
robustness (knot). The scale bar is 1 mm. The cross-section of fibers containing (b, c) 0.1
mass % pristine BNNTs and (d, e) 0.1 mass % purified BNNTs. The scale bars are 40,
50, and 10 ^um, respectively.
4.5. Effect of PVA Concentration on the Mechanical Properties of Composite Fibers.
As known, the mechanical properties of composite fibers improve drastically when
the nanofillers are strongly aligned. Although our pristine and purified BNNT composite
fibers showed good improvement in tensile strength and Young’s modulus over the neat
PVA fiber, they can be further improved if they have better alignment. Reducing the

polymer content in the composite fiber is assumed to allow the nanotubes to freely arrange
and align along the polymer chain resulting in higher mechanical performance fibers.
Therefore, we reduced the PVA concentration in our mixture from 5 mass% to 2.5

mass% and tested the mechanical properties of the composite fibers prepared from this
mixture. While spinning mixtures prepared of 2.5 mass% neat PVA did not produce fibers,

compared to 5 mass% neat PVA, the addition of BNNTs to the mixture allowed the

mixture to reach extinction viscosity and, therefore, produce composite fibers. Figure 23
reveals that the average tensile strength of 0.1 mass% pristine BNNT composite fiber can

be improved by ~300 MPa when reducing the polymer content to 2.5 mass%. Average
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Young’s modulus also increased from 6.80 GPa to 14.03 GPa upon reducing the PVA
content while keeping the BNNT content constant. Figure 23 shows that the average

toughness decreased from 135 J/g for composite fibers spun with 5 mass% PVA to 112

J/g for composite fibers spun with 2.5 mass% PVA.

a)

PVA Concentration (mass %)

b)

PVA Concentration (mass %)

Figure 23. Mechanical properties of BNNTs/PVA fibers produced in EtOH containing 0.1
mass % pristine BNNTs and different PVA concentrations of 2.5 and 5 mass % (a) tensile
strength and Young’s modulus, (b) toughness.
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4.6. Effect of the Coagulation Bath on the Mechanical Properties of Composite Fibers.
The effect of the coagulation solvent on the tensile strength, Young’s modulus, and
toughness of PVA/pristine BNNT composite fibers prepared from mixtures with 0.1
mass% pristine BNNT and 2.5 mass% PVA are shown in Figure 24. The composite fibers
were spun using ethanol, methanol, and a mixture of methanol/acetone (75/25) coagulation;
it was not possible to fabricate neat PVA fiber nor composite fibers using neat acetone

coagulation as the mixture solidifies at a much faster rate in acetone causing the solution
to form a ball of gel sticking to the needle. The average maximum tensile strength achieved

is 788.87 MPa for Methanol. On the other hand, the average maximum Young’s modulus
was found to be 14.03 GPa for ethanol compared to 9.67 GPa for methanol. Fibers spun

in 75/25 methanol/acetone coagulation had significantly lower mechanical properties. The

average tensile strength and Young’s modulus for these fibers are 312.91 MPa and 7.23
GPa, respectively. Therefore, methanol and ethanol are better coagulants than acetone or
75/25 methanol/acetone. On the other hand, the standard deviation in tensile strength for

fibers spun using ethanol was very high, ~147 MPa, compared to fibers spun using

methanol ~46 MPa. As a result, the determination of the optimum coagulation bath
between methanol and ethanol cannot be made based on these results.

Table 2. Mechanical properties of BNNTs/PVA fibers containing 0.1 mass % pristine
BNNTs and 2.5 mass % PVA produced in different coagulation baths including MeOH,
EtOH, and MeOH/acetone cosolvent containing 75 vol % MeOH.
Coagulation bath

Ethanol
Methanol
Methanol/Acetone

Tensile
strength
(MPa)
757± 147
789 ± 46
313 ± 51

Young's
modulus
(GPa)
14.0 ± 3.4
9.7 ± 3.5
7.2 ± 1.5
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Toughness
(J/g)

Strain at
failure (%)

112 ± 30
140 ± 65
88 ± 17

76 ± 20
47 ± 19
78 ± 35
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Figure 24. Mechanical properties of BNNTs/PVA fibers containing 0.1 mass % pristine
BNNTs and 2.5 mass % PVA produced in different coagulation baths including MeOH,
EtOH, and MeOH/Acetone cosolvent of 75 vol % MeOH (a) tensile strength and Young’s
modulus, (b) toughness.
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CHAPTER V

CONCLUSION
Stable and homogenous dispersions of BNNT were successfully produced using

anionic SDC surfactant in water with ~0.6 mg mL#$ of functionalized nanotubes in the

supernatant. PVA, PVA/pristine BNNT, and PVA/purified BNNT composite fibers were
successfully fabricated by the wet spinning method. As the content of BNNTs increased,
the mechanical properties of the PVA composite fibers enhanced significantly. For pristine
nanofillers, the average tensile strength increased to 467.80 MPa and the average Young’s

modulus increased by 6 folds to 6.80 GPa with only 0.1 mass% BNNT. For purified
nanofillers, the average tensile strength increased to 552.61 MPa and the average Young’s

modulus increased to 7.06 GPa with only 0.1 mass% BNNT. SEM results showed that
incorporating purified BNNTs significantly reduced agglomerates which validifies the

mechanical properties improvements. BNNT/PVA composite fibers containing a lower
concentration of PVA were found to have superior mechanical properties compared to

composite fibers with higher PVA concentrations. The average tensile strength achieved
for composite fibers with 2.5 mass% PVA and 0.1 mass% BNNT was 757.14 MPa, and

the average Young’s modulus was found to be 14.03 GPa. This suggests that lowering the

PVA concentration in the composite fiber allows the BNNTs to have greater alignment
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along the composite fiber. By studying the effect of different coagulation baths on the
mechanical properties of the composite fiber, we found that methanol coagulation produces

composite fibers with fewer agglomerates.
In conclusion, further improvement is required for an effective translation of the

BNNT properties into microscopic assemblies. We believe that these improvements could
be employed by applying controlled stretching to the fiber directly after spinning and
drying under controlled temperature in a stretching state to avoid forming defects in the

fiber surface before mechanical testing.
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APPENDICES
Appendix I. Applied Fiber Spinning Experiments

Table 1A. Summarization of the applied fiber spinning experiments. Spinning mixtures
that did not contain PVA were spun in a PVA bath and failed to produce fiber. X red mark
indicates that the experiment has been applied and failed to produce fiber. V green
checkmark indicates that the experiment has been applied and successfully produced fiber.
Empty cells indicate that the experiment has not been applied.
BNNT
Concentration

PVA
Concentration

Dispersing
Agent
Concentration

mass%

mass%

mass%

Ethanol

BNNT/LSZ
BNNT/LSZ
BNNT/LSZ/TTAB

0.100
0.200
0.100

0.000
0.000
0.000

1.000
1.000
1.000

X
X

BNNT/LSZ/TTAB
BNNT/LSZ/TTAB/PVA

0.200
0.050

0.000
5.000

1.000
1.000

BNNT/LSZ/TTAB/PVA
BNNT/TTAB
BNNT/TTAB

0.100
0.100
0.200

5.000
0.000
0.000

1.000
1.000
1.000

BNNT/TTAB/PVA
BNNT/TTAB/PVA
BNNT/SDDS

0.050
0.100
0.100

5.000
5.000
0.000

1.000
1.000
1.000

BNNT/SDDS
BNNT/SDC
BNNT/SDC
BNNT/SDC/PVA
BNNT/SDC/PVA
BNNT/SDC/PVA

0.200
0.100
0.200

0.000
0.000
0.000

1.000
1.000
1.000

0.025
0.050
0.075

2.500
2.500
2.500

1.000
1.000
1.000

BNNT/SDC/PVA
BNNT/SDC/PVA

0.100
0.025

2.500
5.000

1.000
1.000

BNNT/SDC/PVA
BNNT/SDC/PVA
BNNT/SDC/PVA

0.050
0.075
0.100

5.000
5.000
5.000

1.000
1.000
1.000

PVA
PVA
PVA

0.000
0.000
0.000

2.500
5.000
10.000

1.000
1.000
1.000

Spinning Dope
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Coagulation Bath

Methanol Acetone

Methanol/ 5 mass% 10 mass%
Aceton
PVA
PVA

✓
✓
X
X
✓
✓

X
X
✓
✓
✓
✓
✓
✓
✓
✓
X
✓
✓

X
X
✓
✓
✓
✓
✓
✓
✓
✓
X
✓
✓

X
X
✓
✓
✓
✓
X
X
X
X
✓
✓

✓
✓
✓
✓
✓
✓
✓
✓
✓
✓

X
X
X
X

X
X
X
X

X
X

X
X

X
X
X
X

X
X
X
X

Appendix II. Average Stress - Strain Curves

Figure 1B. Average stress-strain curve for neat PVA fiber and PVA/Pristine BNNT
composite fibers with increments of 0.025 mass % of BNNT content in the composite fiber

Figure 2B. Average stress-strain curve for neat PVA fiber and PVA/Purified BNNT
composite fibers with increments of 0.025 mass % ofBNNT content in the composite fiber
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Figure 3B. Average stress-strain curve for PVA/Pristine BNNT composite fibers with 0.1
mass % of BNNT content in the composite fiber spun in different coagulation baths.
Methanol/Acetone bath was prepared at a ratio of 75 methanol : 25 acetone.
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